Integration sites for many retrotransposons and retroviruses are determined by interactions between retroelement-encoded integrases and specific DNA-bound proteins. The Saccharomyces retrotransposon Ty5 preferentially integrates into heterochromatin because of interactions between Ty5 integrase and the heterochromatin protein silent information regulator 4. We mapped over 14,000 Ty5 insertions onto the S. cerevisiae genome, 76% of which occurred in heterochromatin, which is consistent with the known target site bias of Ty5. Using logistic regression, associations were assessed between Ty5 insertions and various chromosomal features such as genome-wide distributions of nucleosomes and histone modifications. Sites of Ty5 insertion, regardless of whether they occurred in heterochromatin or euchromatin, were strongly associated with DNase hypersensitive, nucleosome-free regions flanking genes. Our data support a model wherein silent information regulator 4 tethers the Ty5 integration machinery to domains of heterochromatin, and then, specific target sites are selected based on DNA access, resulting in a secondary target site bias. For insertions in euchromatin, DNA access is the primary determinant of target site choice. One consequence of the secondary target site bias of Ty5 is that insertions in coding sequences occur infrequently, which may preserve genome integrity.
Integration sites for many retrotransposons and retroviruses are determined by interactions between retroelement-encoded integrases and specific DNA-bound proteins. The Saccharomyces retrotransposon Ty5 preferentially integrates into heterochromatin because of interactions between Ty5 integrase and the heterochromatin protein silent information regulator 4. We mapped over 14,000 Ty5 insertions onto the S. cerevisiae genome, 76% of which occurred in heterochromatin, which is consistent with the known target site bias of Ty5. Using logistic regression, associations were assessed between Ty5 insertions and various chromosomal features such as genome-wide distributions of nucleosomes and histone modifications. Sites of Ty5 insertion, regardless of whether they occurred in heterochromatin or euchromatin, were strongly associated with DNase hypersensitive, nucleosome-free regions flanking genes. Our data support a model wherein silent information regulator 4 tethers the Ty5 integration machinery to domains of heterochromatin, and then, specific target sites are selected based on DNA access, resulting in a secondary target site bias. For insertions in euchromatin, DNA access is the primary determinant of target site choice. One consequence of the secondary target site bias of Ty5 is that insertions in coding sequences occur infrequently, which may preserve genome integrity.
T he insertion of mobile genetic elements into new chromosomal sites profoundly impacts genome structure and evolution. For many mobile elements, integration sites are not chosen randomly. Target site biases are particularly well-documented for the LTR retrotransposons and retroviruses (1) (2) (3) . These retroelements replicate by reverse-transcribing mRNA into cDNA and then inserting the cDNA into their host's genome using an element-encoded integrase (IN) . Retrotransposons are among the most abundant interspersed repeats in eukaryotic genomes, and retroviruses are often used as vectors for gene therapy. Understanding mechanisms of retroelement target site choice, therefore, has value for both basic and applied research.
In the best studied cases, retroelement target site choice is dictated by interactions between IN and specific DNA-bound proteins. HIV IN, for example, interacts with the transcription coactivator lens epithelial-derived growth factor (4) , and sites of HIV integration are influenced by sites of this protein's chromosomal occupancy (5) . The role of chromatin in target site choice is also well-established for model yeast retrotransposons. The Schizosaccharomyces pombe Tf1 element inserts preferentially into regions upstream of some genes transcribed by RNA polymerase (pol) II (6) . Tf1 IN interacts with the transcription factor Atf1p (7) , and at the fbp1 promoter, Atf1p alone mediates target site choice (8) . The Saccharomyces cerevisiae Ty1 and Ty3 retrotransposons prefer to integrate upstream of genes transcribed by RNA pol III, likely because of interactions between IN and components of the pol III machinery or associated chromatin (9, 10) . In the case of Ty3, critical factors for targeting are the TATA binding protein and Brf (also called TFIIIB70) (11, 12) .
The first retroelement for which a targeting mechanism was described in detail was the Saccharomyces retrotransposon Ty5. Ty5 integrates preferentially into heterochromatin, which in yeast, is found near the telomeres and silent mating loci (HML and HMR) (13) (14) (15) . Ty5 IN selects integration sites using a 6-aa motif at the IN C terminus (16, 17) . This IN targeting domain interacts with a protein component of heterochromatin, namely silent information regulator 4 (Sir4) (16, 18) . The Ty5 IN/Sir4 interaction tethers the integration complex to target sites and results in the primary target site bias of Ty5.
In this study, we applied high-throughput DNA sequencing to characterize a large number of Ty5 insertions that we mapped to the S. cerevisiae genome. Whereas the majority of Ty5 elements integrated as predicted in heterochromatin, a secondary target site bias was revealed for both euchromatic and heterochromatic insertions. Logistic regression established that this secondary bias was influenced by chromosomal features characteristic of open chromatin, including DNase hypersensitivity, lack of nucleosomes, presence of transcription factors, and epigenetic marks associated with gene transcription. We provide evidence suggesting that this secondary target site bias reflects sites that can be easily accessed by the Ty5 integration complex during integration.
Results
Ty5 Insertion Dataset. To observe genome-wide patterns of Ty5 integration, we created an integrant library of ∼400,000 independent transposition events. This library was derived from 16 separate Ty5 transposition assays-8 assays using the WT YPH499 haploid strain and 8 assays using the isogenic WT diploid YPH501. Ty5/host DNA junction fragments were recovered from each of the 16 populations using linker-mediated PCR. Linkers were ligated to genomic DNA that had been digested with restriction enzymes. Four enzymes (each recognizing four bases) were used to maximize potential to recover sites and minimize recovery bias. The genomic sequence at each insertion site was determined by pyrosequencing using the 454 GS FLX platform.
In total, ∼337,000 sequencing reads were obtained (Table 1) . Specific barcode sequences in the PCR primers made it possible to assign reads to 1 of 16 transposition assays. Reads were excluded that (i) did not have a perfect match to a barcode and surrounding DNA or (ii) had more than four mismatches to the primer. Furthermore, insertions at a given position and orientation were only counted once in each pool. In total, ∼160,000 reads passed our filters. Sequences sharing more than 98% sequence identity to a single site on the S. cerevisiae genome were designated as unambiguous insertions. Because Ty5 integrates preferentially into repetitive, subtelomeric regions, reads mapping to multiple sites in the genome (greater than 98% sequence identity) were also considered. These ambiguous insertions were downweighted by a factor equal to the number of sites to which the read mapped (i.e., each ambiguous site was assigned a fraction of an integration event); 40% of the high-quality reads were ambiguous.
Primary Target Site Bias of Ty5. The majority of Ty5 insertions mapped to the ends of all 16 S. cerevisiae chromosomes ( Fig. 1 and Fig. S1 ). Thus, the primary pattern of Ty5 integration matched what we predicted based on our previous work showing the key role played by heterochromatin in target site choice (15, 18) . Because most Ty5 insertions were subtelomeric, for subsequent analyses, the genome was split into two regions, designated euchromatin and heterochromatin. Heterochromatic regions began at the end of a chromosome and ended 10 kb centromere proximal to the subtelomeric X repeat or one of the silent mating loci, HML or HMR. By this definition, heterochromatin constituted 4% of the genome and received 76% of the insertions. This insertion density is likely an underestimate, because reads mapping to the same position were excluded if they were derived from the same pool; such duplicate reads may represent independent insertions at the same site. Euchromatic regions comprised most of the chromosomes and were bounded by centromere-proximal points 40 kb distant from an X repeat, HML or HMR. This left a 30-kb buffer between heterochromatin and euchromatin to ensure that signals were distinct. The euchromatin and buffer regions constituted 88% and 7% of the genome, respectively. The rDNA and MAT were excluded from euchromatin, because the former is not accurately represented in the reference genome and the latter contained many ambiguous insertions because of duplicated sequences at the silent mating loci.
Selection could influence the distribution of Ty5 insertions; for example, insertions may not be recovered if they occur in essential genes in haploid strains. To assess impacts of selection, Ty5 insertion sites were compared between the haploid and diploid populations. Both the haploid and diploid chromosomal distributions were nearly identical, with a Pearson's correlation of 0.82 at 10-bp resolution. Selection, therefore, does not play a significant role in global patterns of Ty5 integration.
Relationships Between Ty5 Insertions and Chromosomal Features.
For S. cerevisiae, a large body of genome-wide data has accumulated describing, for example, distributions of various histone modifications, transcription factor binding sites, and nucleosome occupancy (Table S1 ). To better understand factors that influence Ty5 target site choice, we used logistic regression to establish associations between insertions and these chromosomal features as well as DNA sequence landmarks such as ORFs or specific gene classes (e.g., those genes transcribed by RNA pol III). Our implementation compared sites of observed integration (case) with a random subset of sites without integrations (control). The random distribution was corrected for possible recovery bias because of restriction site distribution. Additionally, the overall quality of the model was evaluated using receiver operating characteristic (ROC) analysis, particularly the value of the area under the curve (AUC). Logistic regression was applied to the euchromatic and heterochromatic datasets separately (Fig. 2 ). Both singleand multidimensional models were evaluated, and both gave the same overall conclusions. In the following paragraphs, we illustrate the major findings of 1D logistic regression using representative examples of euchromatic and heterochromatic Ty5 target sites. Details about the multidimensional models are provided in Fig. S2 . Ty5 insertions in heterochromatin. Recently, a genome-wide map of Sir4 chromosomal occupancy was determined (19) , and to our initial surprise, logistic regression did not reveal an association between Ty5 insertions and sites of Sir4. In Fig. 3 , we plot Ty5 insertions and Sir4 distribution at a few subtelomeric regions, and as can be seen, peaks of Sir4 and Ty5 insertions occur near the subtelomeric X repeats and the silencers flanking HMR (Fig. S1 ).
As illustrated by these examples, Sir4 is highly localized, and sites of Sir4 occupancy are predictive of sites of Ty5 integration. However, because very little Sir4 is found elsewhere throughout the subtelomeric region (or the remainder of the genome), the majority of insertions in heterochromatin (or euchromatin) have no clear link to Sir4 distribution. Our logistic regression model only considers chromosomal features at or near (e.g., within 1 kb) a Ty5 insertion site, and therefore, logistic regression did not reveal a strong Ty5/Sir4 association. Sir4 aside, logistic regression identified several chromosomal features in heterochromatin that were positively or negatively associated with Ty5 insertions. Among these features was a positive association (AUC-0.5 = 0.11) with 1-kb regions centered on known autonomously replicating sequences (ARSs), which often serve as sites of DNA replication (Fig. 2) (20) . The subtelomeric X repeats, which are bound in Sir4, also contain an ARS, and in our previous work, Ty5 insertions were considered targeted if they occurred within a 3-kb window centered on an X ARS (15) . negative AUCs signify sites associated with control integrations. Heat maps for insertions in euchromatin (on the left) and heterochromatin (on the right) were generated from separate models. Details of the datasets used for various chromosomal features can be found in Table S1 . The high incidence of insertions near X repeats (Fig. 3) likely explains the observed association with ARSs. A negative association (AUC-0.5 = −0.12) was identified between Ty5 insertions and Y′ elements-repeats at the ends of some yeast chromosomes that are typically either 5.5 or 6.7 kb in length and encode a helicase (21) . The Y′ coding region, in particular, was a cold spot for integration, which is illustrated for the two tandem Y′ elements on chr 12L (Fig. 3B) . Insertion hotspots, however, occurred on the centromere-proximal side of the Y′ elements-the side adjacent to an X repeat-and at sites rich in Sir4 between the Y′ elements and at the telomere itself. The coding sequences of Y′ elements are bound by nucleosomes, and the Ty5 insertion hotspots flanking Y′ elements lack nucleosomes (22, 23) . The pattern of Ty5 insertions is, therefore, consistent with the finding that nucleosome occupancy is a strong negative predictor of Ty5 insertion sites (Fig. 2) . Nucleosomes were represented in two different forms in the regression model: either as processed ChIP probe values (AUC-0.5 = −0.25) or as a ternary prediction from a hidden Markov model trained on the ChIP data (AUC-0.5 = −0.14) (23). Nucleosomes were also avoided if they contained H2AZ (AUC-0.5 = −0.18), an H2 variant enriched in transcriptionally inactive genes (24) .
On chr 3, heterochromatic domains are found at the telomeres and silent mating loci, the latter of which are located up to 30 kb from the end of the chromosome. As illustrated for the right arm of chr 3 (Fig. 3C) , in addition to peaks of Ty5 insertions near the silencers flanking HMR and at the X repeat, clusters of insertions occur throughout the region telomere proximal to HMR, particularly in intergenic regions. Localized selection does not contribute to the distribution pattern, because none of the genes on the right arm of chr 3 are essential (25) . Furthermore, a similar insertion distribution is observed in both haploid and diploid strains. Clustering of Ty5 insertions adjacent to coding sequences can also be seen in other subtelomeric regions (e.g., chr 12L) ( Secondary Target Site Bias of Ty5. Because Ty5 insertions in both euchromatin and heterochromatin were enriched in intergenic regions, we generated composite figures relating Ty5 insertions to ORFs in both of these chromatin environments (Fig. 4) . On average, insertions begin to occur near the start codon and peak ∼100 bp upstream at a site corresponding to minimal nucleosome occupancy. Insertion frequency falls off to background levels ∼1,000 bp upstream of the translational start. A smaller peak of insertions is also observed in a nucleosome-poor region downstream of the ORFs. As indicated by the logistic regression analyses, Ty5 avoids integrating into the nucleosome-bound coding sequences. Subtle discrepancies distinguished euchromatin and heterochromatin integration patterns; for example, there is a clear peak of Sir4 density downstream of ORFs in heterochromatin and an adjacent peak of Ty5 insertions. In the Δsir4 strain, the Ty5 peak shifts to the site occupied by Sir4 in the WT, suggesting that this site may now be more accessible to the integration complex.
One hypothesis to explain local Ty5 integration patterns is that there is a host protein like Sir4 that acts as a positive targeting determinant, drawing Ty5 insertions to promoter regions. To assess whether Sir4 itself contributes to local integration patterns, we evaluated a large dataset of Ty5 insertions recovered from a Δsir4 strain. These insertions where generated to establish baseline patterns of Ty5 integration for calling card experiments (27) . A given transcription factor can be made into a Ty5 calling card by fusing it to the domain of Sir4 that interacts with Ty5 IN (28) . Ty5 insertion sites in yeast strains expressing the calling cards identify chromosomal sites occupied by the transcription factor. We treated Ty5 insertions in the Δsir4 strain as chromosomal features and evaluated their association with insertions generated in WT strains using logistic regression. The Ty5 insertions in Δsir4 showed a significant positive association with insertions generated in WT in both euchromatin (AUC-0.5 = 0.24) and heterochromatin (AUC-0.5 = 0.16) (Fig. 2) . Insertion sites in both strains were correlated (assuming 1-kb windows; Spearman ρ = 0.255, P < 2.2e-16). This finding is evidenced in Fig. 4 , where insertions in Δsir4 are mapped relative to ORFs. Secondary targeting patterns, therefore, are not caused by Sir4, and if a different positive targeting determinant is responsible, it remains elusive.
An alternative hypothesis to explain secondary targeting patterns is that insertion hotspots simply reflect sites accessible to the Ty5 integration complex. This hypothesis is consistent with DNase hypersensitivity being the strongest positive predictor of Ty5 integration sites in both heterochromatin and euchromatin (Fig. 2) . Recently, a large number of insertion sites were recovered in yeast using the Hermes DNA transposon from housefly (29) . Like Ty5, Hermes strongly prefers nucleosome-free regions. The Hermes dataset proved to be the second best predictor of Ty5 integration sites in both euchromatin (AUC-0.5 = 0.24) and heterochromatin (AUC-0.5 = 0.19) (Fig. 2) . Correspondence between Hermes insertions and Ty5 insertions in WT and Δsir4 strains can be visualized on a genome-wide level ( Fig. 1 and Fig. S1 ) and at select euchromatic sites (Fig. S3) . As with the Ty5 insertions in Δsir4, the distribution of Hermes insertions is correlated with the distribution of Ty5 insertions in WT (assuming 1-kb windows; Spearman ρ = 0.257, P < 2.2e-16). One explanation for the similarity in integration patterns of Hermes and Ty5 in WT and Δsir4 strains is that these preferred sites represent open chromatin where these mobile elements can gain access to DNA. This explanation is also supported by the observation that Ty5 insertion sites are most positively associated with sites of DNase hypersensitivity and by our multidimensional model (Fig. S2) , which produces an AUC-0.5 of 0.30 using only features associated with open DNA. Access to DNA, therefore, is likely the basis for the secondary target site bias of Ty5.
Discussion
The ability to recover large numbers of transposable element insertions using high-throughput DNA sequencing technologies provides a powerful means to understand mechanisms underlying target site choice. Complementing the robust and quantitative measures of target specificity afforded by this approach is the wealth of genome-wide information that makes it possible to discern associations between mobile element insertions and specific chromosomal features. Pioneering work in this regard was performed with HIV, in which associations between insertion sites and various chromosomal features were assessed by computational approaches, including logistic regression (30, 31) . We adopted a similar approach with our dataset of over 14,000 Ty5 insertions and the extensive genome-wide datasets available for S. cerevisiae. One additional advantage of applying this approach in a model organism like yeast is that insertions can be readily recovered in various mutant backgrounds (e.g., Δsir4).
The additional use of genetic resources available for S. cerevisiae will undoubtedly lead to new insights into mechanisms by which Ty5 and other yeast transposable elements select chromosomal integration sites. Our genome-wide analysis reinforced what was previously known about the primary target site preference of Ty5, namely that insertions predominantly occur in domains of heterochromatin. To our surprise, however, we did not observe a tight association between sites of Ty5 integration and Sir4 occupancy; rather, insertions occurred throughout subtelomeric domains, including regions largely devoid of Sir4. Our 2D view of the genome and Sir4 occupancy, however, most certainly belies the actual architecture of subtelomereic regions. We believe that much of the subtelomeric DNA is actually within close proximity to sites enriched in Sir4 (Fig. 5) ; therefore, after the Ty5 IN/Sir4 tether is established, integration can occur throughout the subtelomeric region. Alternatively, Ty5 IN could be loaded onto heterochromatin by Sir4 and then scan the subtelomeric regions for target sites.
Ty5 integration patterns provide a readout for boundaries of heterochromatin on the yeast chromosomes. Probing chromatin is not a new role for Ty5, because changes in integration patterns have previously documented the chromatin dynamics that occur during aging, particularly the movement of Sir4 from the telomeres to the rDNA (32) . In addition, the recently developed calling card approach cleverly uses Ty5's ability to mark chromosomal occupancy of proteins (28) . Ty5 calling cards are created by fusing the domain of Sir4 that interacts with Ty5 to a transcription factor, and Ty5 insertions mark chromosomal sites where the transcription factor is bound. Because many retroelements recognize specific chromatin features during integration, retroelements may increasingly prove to be valuable probes of chromatin dynamics.
Regardless of whether Ty5 integrates into euchromatin or heterochromatin, the chromosomal features influencing Ty5 target site choice were remarkably consistent. Ty5 insertions were associated with DNase hypersensitive, nucleosome-free sites, and other features linked to transcription-a pattern that we refer to as the secondary target bias of Ty5. On average, Ty5 insertions peak in nucleosome-free windows ∼100 bp upstream and downstream of coding sequences. A very similar pattern is observed for insertions generated in a Δsir4 strain, indicating that this secondary target site bias is not caused by Sir4. Hermes, a completely unrelated DNA transposon from the housefly, has an integration pattern correlated to that of Ty5. Hermes is not adapted to life in its heterologous host and uses a very different enzyme to catalyze integration into the yeast genome. Hermes insertion sites, therefore, likely identify open chromatin, and this finding is consistent with their correlation with DNase hypersensitive sites (Spearman ρ = 0.715, P < 2.2e-16). We believe that, based on the data at hand, the most parsimonious explanation of the secondary target site bias of Ty5 is that it is dictated by accessibility of the Ty5 integration complex to DNA.
Secondary targeting patterns are not without consequence for genome structure and evolution. One consequence of integrating into nucleosome-free sites is that coding regions are often avoided, thereby limiting a negative consequence of transposition, namely insertional mutagenesis. It has been argued that heterochromatin, because it is gene-poor, provides a safe haven for Ty5 integration that minimizes deleterious consequences of transposition (33) . It may be that integration into open chromatin provides an additional mechanism to avoid genes. That said, insertions in promoter regions likely have consequences for the regulation of adjacent genes, which could have important evolutionary outcomes. Our proposed mechanism underlying the secondary target bias of Ty5 may underlie well-established associations between other mobile genetic elements and promoter regions (6, 34, 35) . Clearly, the discovery and initial characterization of the secondary target site bias of Ty5 as reported here reinforces the importance of chromatin in dictating retroelement target site choice. Fig. 5 . A model describing the primary and secondary target site biases of Ty5. Ty5 IN interacts with Sir4, which localizes the integration complex to heterochromatin. This interaction results in the primary target site bias of Ty5, namely the association of ∼75% of Ty5 insertions with domains of heterochromatin. The secondary target site bias of Ty5 is determined by DNA access. Sites in heterochromatin are chosen for being nucleosome-free and accessible to the integration complex. Access to DNA also dictates the preferred integration sites of Ty5 in euchromatin, resulting in integration primarily in nucleosome-free regions flanking genes.
Materials and Methods
Recovery of Ty5 Insertions. Ty5 transposition assays were performed as previously described using the haploid and diploid strains YPH499 and YPH501, respectively (15) . The donor Ty5 plasmid was pNK254, which contains a galactose-inducible Ty5 element with a marker gene to detect transposition. Each Ty5 transposition assay gave rise to a pool of ∼25,000 Ty5 integrants. Genomic DNA was prepared from the pools and treated with two sets of restriction enzymes, AciI/TaqI and MspI/HinplI (Fig. S4) . Linker-mediated amplification of integration sites was performed using the protocol found in the work by Ciuffi et al. (36) . Digested DNA was ligated to a linker made up of two oligonucleotides, DVO4621 and DVO4622 (Table S2 shows linker sequences). To prevent amplification of the 5′ LTR, DNA samples treated with AciI/TaqI were digested with AseI; samples treated with MspI/HinplI were digested with EcoRI. The first round of PCR amplification used the Ty5 LTR-specific primer DVO495 and the linker-specific primer DVO4632. The second round of PCR amplification used DVO4665 and one of several barcoded Ty5 LTR primers (DVO4666-DVO4681) (Table S2 ). PCR products were gel-purified, and fragments between 100 and 500 bp were sequenced using a 454 GLX sequencer.
Random Control Insertions. A total of 19,934 control insertions were produced in silico for euchromatin and 7,034 were produced for heterochromatin. Each control insertion was the product of three random values: a restriction site value, a position value, and an orientation value. These values select, respectively, a restriction site in the genome, a distance away from the restriction site, and an orientation for the control insertion. The probability distribution function for a control insertion's position and orientation was calculated as the normalized frequency of recovered insertions relative to the restriction sites used in recovery. Control insertions were made to be disjointed from known insertion sites. This process resulted in a set of control insertions with restriction bias similar to that of the recovered insertions.
Data Annotation and Analysis. Logistic regression was used to identify discriminative features for integration (Table S1 ). Regression models were trained using the glm log-linear regression function in the R statistical package (37, 38) . Our implementation compared the sites of observed integration (case) with a random subset of the sites without integrations (control). Logistic regression fits the equation (Eq. 1)
where f ðzÞ is the class prediction and z is a linear function, z ¼ β 0 þ P n i¼1 β i x i , of the levels x i of the n chromosomal features.
Predictions from a logistic regression fall within the interval (0, 1), with proximity to the endpoints indicating greater certainty of a class designation. This information was used to produce a ROC curve, a plot of the true-positive rate vs. the false-positive rate parameterized on a discrimination threshold. These models used all features concurrently. To increase interpretability and prevent overfitting of the model, the multidimensional model was regularized on the L1-norm using the least absolute shrinkage and selection operator (LASSO). Both the euchromatic and heterochromatic multidimensional models showed improvement over their single-dimensional counterparts (supporting LASSO curves). The euchromatic multidimensional model achieved an AUC-0.5 of 0.303 using five features, a significant improvement over the best single-dimensional result of 0.25 ( Fig. 2) . Similarly, the heterochromatic multidimensional model achieved an AUC-0.5 of 0.367, although it uses 42 features. A more restrictive λ-value reduced the model to four features and an AUC-0.5 of 0.303. The features retained in the euchromatic multidimensional model showed that the Ty5 pattern of integration could be described as abundant in sites of Hermes integration and DNase sensitivity and sites where Ty5 integrates in a sir4Δ background. Ty5 is scarce in sites occupied by nucleosomes and inside verified ORFs. LASSO regularization tends to remove the less predictive of a set of redundant features. As such, this result suggests that the DNase sensitivity, Δsir4, and Hermes signals are complementary rather than redundant. All of these features support the theory that Ty5 prefers to integrate into open DNA and that it is open DNA rather than interaction with any of these features that is responsible for site selection. Fig. S4 . Schematic of linker-mediated PCR used to amplify genomic sequences adjacent to sites of Ty5 integration. TaqI, a restriction enzyme with a 4-bp recognition sequence, is used for illustrative purposes. Genomic DNA containing Ty5 insertions is initially digested with TaqI. Linkers are added to the digested DNA fragments. An additional restriction digestion is performed with AseI to destroy 5′ LTR junction fragments. The remaining 3′ LTR junction fragments are amplified by PCR and subjected to DNA sequencing. 
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